Dense micrometric La 0.8 Sr 0.2 Ga 0.8 Mg 0.2 O 3-δ (LSGM) films were deposited by spin-coating on porous LSGM scaffolds characterized by homogeneous pore structure. Porous anodes were infiltrated with aqueous nickel and nickel/copper nitrate solutions, dried and fired at 700°C. Homogeneous metal coating with proper interconnection was observed by SEM, chemical stability was confirmed by XRD, and electrical characterization of anodic substrates was performed. Catalytic activity of different anodes was evaluated ex-situ in a quartz micro-reactor fed with CH 4 :CO 2 mixtureat range 650 and 700°C. To investigate the redox properties of the metallic phases, the anodic substrates were subjected to redox ageing cycles and characterized by H 2 -TPR.
Introduction
La 0.8 Sr 0.2 Ga 0.8 Mg 0.2 O 3-δ (LSGM) has emerged as one of the most promising electrolyte for Intermediate Temperature Solid Oxide Fuel Cells (IT-SOFC) application because of its high ionic conductivity at reduced temperatures, negligible electronic conduction and a good stability over a wide range of oxygen partial pressure (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Its major drawback is a fair chemical stability with the other fuel cell components: the reactivity with Ni present at the anode side to form insulating phases and cation interdiffusion with typical perovskite oxide commonly used such as La 1-x Sr x MnO 3-δ (LSM) and La 1-x Sr x Fe y Co 1-y O 3-δ (LSFC) at the cathode side.
The performance at 800 °C are excellent reaching 1.4 W/cm 2 of power output for a 200 micron thick electrolyte based cell (11, 12) , while decreasing the operating temperature, the performance abruptly decreased because of the large ohmic resistance losses and the increasing polarization resistance. Thus, decreasing the electrolyte thickness is highly required to deliver high power output at IT. Recently, many attempts have been made to reduce the LSGM electrolyte thickness (13, 17) ; in this work, micrometric dense LSGM films were deposited by spin-coating method on porous LSGM anodic substrates. The spin coating technique is cost effective and efficient method for anode supported single cell fabrication (18) .
LSGM scaffold with homogeneous and porous microstructure were used as anodic substrates for film deposition. After the co-sintering process, the LSGM scaffolds were infiltrated with nickel and nickel-coppernitrate solutions (50:50) and then calcined.
The reduction behavior of composite anodes was studied by H 2 -TPR. In order to evaluate the occurrence of methane cracking or CO 2 reforming, the anodic substrates were exposed to CH 4 :CO 2 mixtures at 650 and 700 °C.
Experimental
LSGM commercial powders by Praxair (5 m 2 g -1 ) were used for fabrication of both anode and spun electrolyte layers.
Supporting anodes were prepared by die pressing method: LSGM and BUTVAR 98 (Sigma Aldrich) (5 wt%) used as binder were planetary ball milled in ethanol solvent at 350 rpm for 1 h. Micrometric graphite (Sigma Aldrich) was added as pore forming agent and planetary milled at 250 rpm for 30 min. The slurry was dried at 80 °C overnight; the resulting powder was grounded in an agate mortar and uniaxially pressed at 100 MPa into cylindrical pellets of 12 mm in diameter. The porous pellets were presintered at 1200°C for 6 h with heating rate of 5°C/min.
Dense LSGM membranes were fabricated by spin coating technique. LSGM (25 wt%) was planetary milled in organics solvent (terpineol:ethanol 1:1 vol%) with BUTVAR 98 as binder (5 wt%) and polyethylene glycol PEG400 (3 wt%) and di-n butyl phthalate DBP (3 wt%) as plasticizers to form a stable colloidal slurry. A stable LSGM containing colloidal slurry was obtained by milling the components for 20 h at 350 rounds min -1 (higher rates were avoided to prevent overheating of the slurry). The presintered anodes were vacuum fixed on the chuck of the coater (Laurell model WS-400-6NPP) and the electrolyte slurry was spin coated at a rotating speed of 6 krpm for 30 s. The coated substrate was dried at 80°C for 30 min and thermally treated after 3 depositions at 400°C for 1 h to remove the organics. The spin coating process was repeated until the desired electrolyte thickness was obtained. The half cell was cosintered at 1450 °C for 6 h.
To introduce the catalytic component into the anodic substrates, the LSGM porous scaffolds were impregnated by a 4 M aqueous solution of Nickel nitrate (purity 99% by Aldrich) or Nickel-Copper nitrates (50:50 wt%) then calcined at 700 °C for 30 min.
The amount of the deposited NiO or NiO-CuO catalysts was evaluated by the percentage weight increase after each impregnation/calcination cycle. Finally, NiO was reduced to Ni upon hydrogen exposure.
Structural and morphological characterizations of powders, pellets and half cells were performed by X-ray diffraction (XRD) analysis (Philips X-Pert Pro 500 Diffractometer) and field emission scanning electron microscopy (FE-SEM, Leo Supra 35).
The catalytic activity (Ex Situ) of each impregnated anode was measured in a test ring equipped with mass flow controller and a quartz tubular reactor at atmospheric pressure. CH 4 /CO 2 ratio of 1 was fed into reactor using 75000 ml g -1 h -1 (GHSV) at 650 and 700 °C. Prior to catalytic activity, samples were reduced flowing 50%H 2 /Ar for 1 h at 700 °C. Gas composition was analyzed by gas chromatograph (Varian, star 3400 CX) equipped with a TCD detector.
Temperature programmed reduction (TPR) experiments were performed by a Thermo Scientific TPDRO1100 flow apparatus. The H 2 consumption was measured by a TCD detector. Impregnated anodes were pre-treated in a flow of 10% O 2 /He mixture (20 cm 3 min -1 ) at 700 °C for 30 min, and then cooled in He to RT. Then, a 5% H 2 /Ar mixture (10 cm 3 min -1 ) was flowed through the sample starting at 500°C and heating up to a final temperature of 700 °C, with a rate of 10 °C min -1 . The catalytic activity was measured in a fixed-bed quartz reactor at atmospheric pressure connected to a flow apparatus equipped with mass flow controllers.
Results and Discussion
To get proper porosity, different amounts of micrometric carbon between 40 and 55 wt% were mixed with LSGM powder. Fig. 1 a) and b) shows the SEM images of the cross section of sintered (1450°C for 6 h) anodic substrates containing 40 and 55 wt% of micrometric carbon at the same magnification. The sample containing 40 wt% of carbon shows micrometric pores without interconnections while the sample with 55 wt% of carbon has larger and interconnected pores homogenously dispersed suitable for consequent infiltration of catalysts. LSGM scaffold is well sintered as shown by the necking between the grains and interconnected pores of about 10 µm are clearly visible. 600 µm porous pre-sintered anodic pellets were prepared as substrates for the spincoated LSGM layers. After the deposition of each layer, the sample was dried at 80°C for 10 µ µ µ µm 10 µ µ µ µm
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30 min and thermally treated at 400°C for 1 h to remove the organics and avoid the formations of pinholes after three spun layers. The co-sintering at 1450°C for 6 h of the pre-sintered anodic substrate and the deposited layers ensure a porous LSGM scaffold with a dense LSGM membrane.
In Fig. 2 , the SEM micrograph of top view of LSGM layer is reported. A fully dense LSGM membrane is clearly noticeable and no open porosity was detected. A small dark second phase is detected in the deposited LSGM layer (but also in the pellets sintered at the same temperature) both at the grain-boundary and in the bulk as already reported in the literature (19) .
The XRD pattern shown in Fig. 3 of deposited LSGM membrane failed to discern the second phase, confirming the presence of LSGM single phase, implying that the amount of the second phase in below the detection limit of XRD, e.g. 5 wt%. The thickness of the electrolyte membrane can be controlled by: viscosity of slurry, spin-coating velocity and number of spun layers. LSGM films of different thickness from 5-7 to 12-15 µm, were obtained by using 5 or 15 spun layers, respectively. Figure 4 shows the SEM micrographs of the surface fracture of 5 layers and 15 layers LSGM deposited films on the LSGM substrate. The electrolytes showed thicknesses of about 5-6 µm (Fig. 4(a) ) and 15 µm (Fig. 4(b) ) revealing that each spun correspond to 1 µm and thus the electrolyte thickness can be carefully controlled. Moreover the micrographs show a good adhesion between the electrolyte and the anodic support, revealing microstructures free of cracks and fully densified. Furthermore, the anodic supports showed an appropriate micrometric porosity. Multiple impregnation/calcination cycles were necessary to introduce a proper amount of catalytic oxide into the LSGM scaffolds. A single impregnation/calcination cycle yielded a NiO weight loading (W NiO ) of 0.8% in the porous LSGM scaffold.
To define the reduction treatment, H 2 -TPR analysis of infiltrated anodes was performed and reported in Fig 5. NiO-LSGM showed a main reduction peak at 445°C assigned to the reduction of bulk NiO which has a low interaction with the LSGM scaffold, and a weak peak at about 630°C related to the reduction of NiO species strongly interacting with the scaffold. NiO-CuO-LSGM showed a narrow and intense reduction peak at temperature much lower (284°C) than that of NiO-LSGM anode, which is attributed to the simultaneous reduction of NiO and CuO oxides. The H 2 -TPR analysis suggests that the presence of CuO markedly enhances the reducibility of NiO. The treatment in hydrogen up to 700°C yielded the full reduction of NiO and CuO species to Ni and Cu metals. Figure 6 shows a SEM micrograph of the cross section of NiO-LSGM anode after 12 impregnations (corresponding at 10 %wt of NiO loading) and after the reduction treatment at 700°C for 2h. Ni layer consisting of nanometric grains is quite porous but well interconnected and uniformly coats the pore walls of LSGM scaffold. The Ni particles interconnection ensures a good percolation path for the electronic conduction.
In Fig. 7 , X-Ray diffraction pattern of the infiltrated anode showed the existence of Ni and LSGM phases after hydrogen reduction and no evidence of secondary phases was revealed. The low temperature (700°C) used to form NiO after the infiltration allowed to get a good chemical compatibility between the infiltrate catalyst coating and the LSGM backbone. Finally, to evaluate the occurrence of methane cracking or CO 2 reforming, the anodic substrate was exposed to a CH 4 :CO 2 mixture. A mixture of CH 4 :CO 2 =1 with a gas hour space velocity (GHVS) = 75000 mL h -1 g -1 was flowed over the anodes at 650 and 700°C. The CH 4 conversion to CO and H 2 was 20% on NiO-LSGM and 13 % on CuONiO-LSGM at 700°C. The CH 4 conversion decreased to 13% on NiO-LSGM and was almost zero on CuO-NiO-LSGM at 650°C. These results show that Cu is inactive toward the CH 4 cracking and the CO 2 reforming of CH 4 , suggesting a higher resistance to carbon formation of NiO-CuO-LSGM composite with respect to NiO-LSGM. However, a proper catalytic activity of CO 2 reforming of CH 4 is beneficial to enhance the electrocatalytic activity of the anodes, thus a further investigation on the proper composition of the anodic additive that should have high selectivity and activity toward CO 2 reforming of CH 4 is required.
Conclusions
Micrometric LSGM electrolyte layers were deposited by slurry spin coating on LSGM anodic scaffold with an appropriate micrometric porosity. Highly-porous LSGM scaffolds were infiltrated via impregnation of aqueous nickel and nickel-copper nitrate solutions and calcined at 700 °C. No secondary phases were revealed.
Due to the fine-grained microstructures and the homogenous distribution of Ni nanoparticles, the anodes prepared through infiltration are easily reducible and a much lower Ni content may provide an adequate electrical conductivity.
From catalytic investigation, a proper composition of the anodic additive with high selectivity and activity toward CO 2 reforming of CH 4 might be developed.
